Nonlinear effects can be enhanced and tailored on a subwavelength scale by taking advantage of high field confinement by selective coupling among resonant plasmonic nanostructures, called plasmonic nanoresonators and nanoantennas. In particular, we focus our attention on the process of second-harmonic (SH) generation. Excitation of localized surface plasmon polaritons at the fundamental frequency in these structures can remarkably modify the response of the system by enhancing surface and/or bulk nonlinear contributions to the overall SH field. Moreover, the radiation pattern of the generated field can be controlled and directed. Indeed, the overall structure behaves as a nonlinear nanoantenna for the SH harmonic field, whose emission pattern can be tailored.
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In the last few years, thanks to the development of nanotechnologies, it has become possible to manipulate matter on the nanoscale and to create artificial materials with tailored unconventional properties with respect to those of bulk materials. 1 The possibility to achieve light confinement at subwavelength scales has been demonstrated in metal nanostructures supporting localized plasmon resonances, i.e., the collective resonant oscillation of electrons excited by light of appropriate frequency. Thus, the optical response of metal nanoparticles and metal nanostructures has greatly increased.
Our activity is mostly devoted to studying the nonlinear response of metal nanoparticles. The main concept that has been exploited is based on the possibility of achieving high-field confinement in coupled nanoresonators. Coupling is, in turn, responsible for the formation of resonant modes that can be localized on small portions of the structure or distributed over the whole structure.
2 Different field profiles can be obtained by varying the parameters of the input field (for example, the frequency or the spatial phase profile). Zones of high-field confinement, called hot spots, are characterized by local field intensity values of three or four orders of magnitude higher than the incident field's intensity. 3 Thus, considering the process of second harmonic generation (SHG), the emission comes from the hot spots with an enhancement of eight orders of magnitude with respect to the portions of the structure where the field is not localized. By controlling the hot spot position, the radiation pattern of the generated field can be controlled and directed the same way as it would happen by engineering a feeder in a nanoantenna.
Recently, experimental techniques have been developed to map the hot spots and to study the connection between field localization and SHG properties in optical metamaterials. 3, 4 Since the local field distribution in nanoplasmonic structures is highly inhomogeneous, it is not obvious to establish the role of surface and bulk nonlinearities as well as their relative weights in the overall second harmonic signal. This subject has been investigated, both theoretically and experimentally, [5] [6] [7] but the relevance of bulk and surface nonlinearities in nanoplasmonic structures is still under debate. Our calculations have been performed by extending to three-dimensional (3-D) structures an algorithm based on the Green's tensor method, previously developed for calculation of SHG in two-dimensional structures. 8, 9 With the aim to provide a tool for separating experimental investigation of nonlinear surface and bulk contributions, we studied resonant dipole gold nanoantennas. The SHG as a function of the wire's cross-section size was investigated in both the near-and far-field regimes, revealing that different geometries and input field polarizations lead to different emission patterns of the second harmonic field. We calculated the second harmonic nonlinear differential scattering cross-section of a 13 × 13 − nm 2 antenna when a fundamental frequency field with a wavelength of 800 nm is considered either transverse-electric (TE) or transverse-magnetic (TM) polarized. Our calculations show that there are two different behaviors for the TE and TM pump polarization. Indeed when a TM-polarized pump is considered, bulk terms dominate over surface terms by over one order of magnitude. With a good level of accuracy, the signal generated can be considered as related only to the bulk terms. On the other hand, when surface terms are comparable and/or bigger than bulk contribution (i.e., for TE-polarization, in the considered scheme) the calculated far-field pattern can be very different if both terms are considered with respect to the case where surface terms are neglected. As shown in Fig. 1 , the difference is not only in the value of the differential nonlinear scattering cross-section but also in the angular distribution of the generated second harmonic field. By comparing the two plots we can state that the forward generated second harmonic, with respect to the direction of the pump, is related only to the surface terms. These results suggest a way to perform an indirect measurement of the nonlinear coefficient for the bulk and for the surface terms separately.
Control of the nonlinear emission can be further achieved by considering coupled systems composed by a small ensemble of nanoresonators. We adapted our numerical model to investigate second harmonic generation in coupled Ag rods. The building block of the considered system are silver rods of rectangular section (length ¼ 212 nm, thickness ¼ 38 nm) separated by a 28-nm gap. With these values of the geometrical parameters the system has a resonant behavior in the wavelength range around 1 μm. Complex structures provide a richer variety of cases. For example, we considered a structure composed of eight rods. In Fig. 2(a) and 2(b), we show that the second harmonic main emission angle can be controlled on a range of 20 deg by tuning the pump field wavelength from 920 to 960 nm. A similar behavior can be obtained by controlling the fundamental field hot spots with two counter-propagating beams. Indeed, in this case the position of the hot spots depends on the relative phase between the two coherent counter-propagating beams. 10 As a perspective for future work, we are implementing plasmonic nanoresonators in dielectric waveguide systems as sketched in Fig. 2(c) , to explore the potential applications of plasmonic nanostructures for integrated and controllable sources. The pump field will be injected in the dielectric waveguide and a second pump beam can be injected in the opposite direction in order to control the localization pattern of the hot spots. A second harmonic field will then be emitted in a small spatial region. Optimization of the structures in order to obtain high directionality or high selectivity can be performed by changing the size and shapes of the nanoresonators and it could be possible to study the fluorescence of a single molecule 11 located in the hot spot by far-field detection at the proper angle of emission.
